The mass attenuation coefficients for compounds of biomedically important some elements (Na, Mg, Al, Ca, and Fe) have been measured by using an extremely narrow collimated-beam transmission method in the energy 59.5 keV. Total electronic, atomic, and molecular cross sections, effective atomic numbers, and electron densities have been obtained by using these results. Gammarays of 241 Am passed through compounds have been detected by a high-resolution Si(Li) detector and by using energy dispersive X-ray fluorescence spectrometer (EDXRF). Obtained results have been compared with theoretically calculated values of WinXCom and FFAST. The relative difference between the experimental and theoretical values are −9.4% to +11.9% with WinXCom and −11.8% to +11.7% FFAST. Results have been presented and discussed in this paper.
Introduction
The photon mass attenuation coefficient, effective atomic number, and electron density are the basic quantities required in determining the penetration of X and -ray in matter. The mass attenuation coefficient is a measure of the probability of the interaction that occurs between incident photons and the matter of the unit mass per unit area. The knowledge of the mass attenuation coefficients of X and -ray in biological and other important materials is of significant interest for industrial, biological, agricultural, and medical applications [1] . Additionally, the mass attenuation coefficient provides a wide variety of information about fundamental properties of the matter in the atomic and molecular level. Accurate values of the photon mass attenuation coefficients are required to provide essential data in diverse fields such as nuclear diagnostics (computerized tomography), radiation protection, nuclear medicine, radiation dosimetry, gamma ray fluorescence studies, and radiation biophysics. The mass attenuation coefficients are also widely used in the calculation of the photon penetration and the energy deposition in biological shielding and other dosimetric materials.
Biomedically important elements are those that are required by an organism to maintain its normal physiological function. Without biomedically important elements, the organism cannot complete its normal life cycle or achieve normal healthy growth; such elements are the key components of the metalloenzymes and are involved in crucial biological functions, such as oxygen transport, free radical scavenging, and hormonal activity. Biomedically important elements deficiency or excess with respect to the human physiological level are found in the patients with certain diseases, including cancer [2] [3] [4] .
In the literature, a variety of experimental data relevant to the measurement of the mass attenuation coefficients of different samples is available. The mass attenuation coefficients, effective atomic numbers, and electron densities of some amino acids in the energy range 0.122-1.330 MeV have been carried out [5] . The mass attenuation coefficients for monoand disaccharides at photon energies 8.136, 13.596, 17.781, 2 Science and Technology of Nuclear Installations 22.581, and 32.890 keV have been measured [6] . The photon mass energy absorption coefficient for biological samples in the energy range 200-1500 keV has been measured [7] . The measured values have been compared with the computed values obtained using personal computer software package WinXCom [7] .
In the present work, we have measured the mass attenuation coefficients, total electronic, atomic, and molecular cross sections, and effective atomic numbers and the electron densities have been obtained by using these results for Al, AlCl 3 , Al(NO 3 ) 3 , Ca, CaSO 4 , CaF 2 , CaHPO 4 , CaO 6 C 6 H 10 , Fe, FeCl 2 , FeCl 3 , Fe 2 (SO 4 ) 3 , Mg(NO 3 ) 2 , MgO, NaO 2 C 2 H 3 , Na 2 CO 3 , NaF, NaNO 3 , Na 2 SO 4 , NaCl, and Na 2 SO 3 in the energy 59.5 keV. The measured values have been compared with the theoretical ones calculated by using WinXCom and FFAST.
Theory
When -ray beam passes through an absorber, it is attenuated. The degree of attenuation depends on the scattering and various absorption processes. The absorption coefficient can be derived from the Lambert-Beer law
where 0 is the incident -ray intensity when measured without sample, is -rays intensity transmitted through the sample, and is the sample thickness (cm). The experimental mass-absorption coefficient ( / ) of elements is given by
where is the material density (g/cm 3 ). The theoretical mass-absorption coefficient / (cm 2 /g) for any chemical compound or mixture of elements is given by mixture rule [1] 
where and ( / ) are the weight fraction and mass attenuation coefficient of the th constituent element, respectively. ( / ) does not depend on the particular phase (gas, liquid, or solid) of the material; therefore, it is useful to define the mass attenuation coefficient. For a chemical compound, the fraction by weight ( ) is given by
Mass attenuation coefficients of the given materials have been calculated by the WinXCom program. This program which is based on the DOS-based compilation XCom [11] provides the total mass attenuation coefficient and the total attenuation cross-section data for about 100 elements as well as partial cross sections for incoherent and coherent scattering, photoelectric absorption, and pair production at energies from 1 keV to 100 GeV [12] . The values of the mass attenuation coefficients can be used to determine the total molecular cross section, , , by the following relation [13] :
where is the molecular weight and is Avogadro's number. The total atomic cross-section , can be easily determined from the following equation [13] :
where is the fractional abundance of element with respect to the number of atoms; and are the number of formula units and the atomic weight, respectively, of the constituent element . The total electronic cross-section ,el for the individual element is expressed by the following formula [14] :
The total atomic and electronic cross sections are related to the effective atomic number ( eff ) through the following relation:
The effective electron number or electron density, (number of electrons per units mass), can be derived from [14] [15] [16] [17] 
= ( / )
,el
The average atomic weight or average atomic mass is the ratio of the molecular weight of the sample divided by the total number of the atoms of all types presented in the compound. ⟨ ⟩ can be derived from [14] ⟨ ⟩ = ∑ .
Experimental Setup
The schematical arrangement of the experimental setup used in this study is shown in Figure 1 . It consists of a 3.7 × 10 9 Bq (100 mCi) 241 Am point source, which essentially emits monoenergetic (59.5 keV) -rays. The powder samples have been compressed into pellets for 10 s at 15 ton by using a manual hydraulic press. Target has had a diameter of 13 mm. The powder samples have been prepared for four different mass that the best mass attenuation coefficients to obtain. ln -graphs have been drawn by using Origin Pro8. Slope of graphs has obtained linear attenuation coefficients and later the mass attenuation coefficients have obtained the linear attenuation coefficients of the samples divided by density of the samples. Sample graph for Al(NO 3 ) 3 is shown in Figure 2 .
The intensities of -rays have been measured using a highresolution Si(Li) detector (FWHM of 160 eV at 5.96 keV) and the data were collected into 4096 channels of a multichannel analyzer. The spectra have been collected for a period of 1000 s. The counting electronics have included a pile-up rejection circuit and a live-time clock used for dead time correction. The dead time has been observed for all the channels which vary at minimum 1.32% and at maximum 11.10%. A typical spectrum of 59.5 keV gamma ray transmissions through MgO is shown in Figure 3 . Theoretical values of mass attenuation coefficients for Al,
Na 2 CO 3 , NaF, NaNO 3, Na 2 SO 4 , NaCl, and Na 2 SO 3 have been obtained using WinXCom [12] and FFAST [18] .
In this study, effort has been made to reduce the error sources in transmission measurements. In an ideal transmission experiment, all photons must be sent on absorber sample with a parallel beam. But in real experimental studies, there is the same errors. The errors in the present measurements are mainly due to counting statistics, nonuniformity of the absorber, impurity content of the samples, and scattered photons reaching the detector. These errors are attributed to the deviation from the average value in the and 0 (<1.3%), sample thickness (<0.7%), the mass of sample (<0.2%), and systematic errors (<0.8%). Also, the ratio of theoretical (T) and experimental (E) values is ≤1.1% The maximum errors in the mass attenuation coefficients have been calculated from errors in incident ( 0 ) and transmitted ( ) intensities and areal density ( ) by using the propagation of error formula
where Δ 0 , Δ , and Δ are the errors in the intensities 0 , , and thickness of the sample, respectively.
Results and Discussion
The theoretical mass attenuation coefficients, total electronic, atomic, and molecular cross-sections, effective atomic numbers, and electron densities have been investigated by using those shown in Table 1 for these compounds at 59.5 keVrays.
The theoretical and experimental mass attenuation coefficients, total electronic, atomic, and molecular cross-sections, effective atomic numbers, and electron densities for compounds of biomedically important elements are listed in Tables 2, 3 , and 4. It is clearly seen that the mass attenuation coefficient depends on chemical content.
The effective atomic number is a useful parameter for low and medium-materials, encountered in biological and medical applications. It should be remembered that the concept of the effective atomic number is based on an underlying theory of X-ray and -ray interactions with matter [19] . In composite materials like alloys, soil, plastic, biological material, and so forth, for photon interactions, the atomic number cannot be represented uniquely across the entire energy region, as in the case of elements, by a single number. This number in composite materials is called "effective atomic number, " and it varies with energy [20] . The energy absorption in a given medium can be calculated if certain constants are known. These necessary constants are eff and electron density ( ) of the medium. Therefore, the study of the effective atomic numbers of the biological samples is so useful for many technological applications. The effective atomic numbers are also useful in medical radiation dosimetry for the calculation of dose in radiation therapy and medical imaging [21] . The experimental effective atomic numbers are listed in Table 2 . The effective atomic number for gamma ray interactions in materials composed of various elements cannot be expressed by a single number and for each of the partial processes the number has to be weighted differently [22] . A large eff generally corresponds to inorganic compounds and metals, while a small eff ≤ 10 is an indicator of the organic substances [23] . Experimental determination of effective atomic number is important, and effective atomic number is studied as the only interpolation procedures and semiempirical expressions [16, 20, 22, [24] [25] [26] . The significant variation in effective atomic number is due to the relative dominance of the partial photon interaction processes. This confirms that effective atomic number depends on the number of elements and the range of atomic numbers in a compound. References [27, 28] confirm that the effective atomic numbers almost tend to be constant as a function of energy and attributes to the dominance of incoherent scattering and pair production in their respective energy region. But we have not confirmed this state, for our energy is below 100 keV (single energy 59.5 keV) and photoelectric cross sections are more dominant in respective energy region. [22, 29] , especially, up to 50 keV. That is, the effective atomic number is affected by energy at <100 keV. The variation of effective atomic number with energy may be attributed to the relative domination of the partial processes, such as photoelectric effect, coherent scattering, incoherent scattering, and pair production. But at low energy, <100 keV, the photoelectric effect is dominant and so, the photoelectric effect is responsible for the change in the energy of effective atomic number.
The present experimental results are in accordance with the theoretical results. But the experimental results give better agreement with results of WinXCom. So, the present experimental work upholds the suitability of the WinXCom that estimated values by using the mixture rule. Such results have been observed by earlier investigators [30] [31] [32] . It is evident from Tables 2, 3 , and 4 that the experimental values are in accord with the WinXCom values within the estimated error −9.4% to +11.9% and FFAST −11.8% to +11.7%. This may be attributed to the effects of chemical environment on / value. The / values are believed to be affected by the chemical, molecular, and thermal environments. These phenomena led to the deviation of the experimental / value from that of the theoretical value, since the calculation of the theoretical value has been done by considering the cross section for an isolated atom. This deviation is termed as the breakdown or no validity of the mixture rule. Such effects have been observed by earlier investigators [33] [34] [35] [36] [37] [38] . It is observed that the experimental value deviates by WinXCom +7.9% and FFAST +4.6% for Na 2 SO 4 , in order of −4.9% and −7.3% for Mg(NO 3 ) 2 , +2.9 and −0.5% for Al(NO 3 ) 3 , −9.3% and −11.7% for Fe 2 (SO 4 ) 3 , and −4.9% and −6.9% for CaO 6 C 6 H 10 . In this case, we have concluded that these deviations may not be directly explained by the number of the atoms increasing or decreasing in a compound. We have not confirmed that when the number of atoms in a compound increases, the significant differences between experimental and theoretical values are observed for these compounds. In this respect, the validity of the mixture rule cannot be interpreted according to the number of atoms in a composition. It is important for compounds that the chemical environmental effect and molecular bonding are neglected by mixture rule. Such effects have been observed by earlier investigators [33, 34, 39, 40] . According to relative differences, there are the adaptation between experimental and theoretical (WinXCom) values for Al and FeCl 2 . The differences between experimental and theoretical results may be attributed to chemical composition variations of the samples and mixture rule neglects present composition. Present results clearly reveal that the incapability of the mixture rule supports the new and sensitive experimental methods more than the semiempirical expressions and interpolation processes. The total experimental uncertainty of the measured quantity depends on the uncertainties of the thickness and the mass, while the uncertainty of the 0 and measurement scarcely influences the results since both 0 and have been measured with very good statistics (<1.3%). It is observed from Tables 2, 3 , and 4 that the mass attenuation coefficients, total electronic, atomic, and molecular cross sections, effective atomic numbers, and electron densities are closely related to FeCl 2 and FeCl 3 compounds. As seen in Tables 2, 3 , and 4, the mass attenuation coefficients, total electronic, atomic, and molecular cross sections, effective atomic numbers, and electron densities for Na compounds do not change. Sodium is low-, so its compounds will not see a significantly large change in average . At low energies such as this, 60 keV, the main effects in photon absorption are the photoelectric effect and Compton scattering; these are dominated by the presence of the electrons in the material and the effects from the nuclei are only a perturbation, largely in the different binding energy of the electrons; inner electrons in highermaterials have a higher binding energy. So really one will expect that the dominant effect in absorption and scattering will be the electron density in the material, which is calculable with knowledge of the stoichiometric ratio of the elements in the compound or mixture and the density.
Further experimental studies on measurements of the mass attenuation coefficients, molecular, atomic, and total electronic cross sections, effective atomic numbers, and electron densities for compounds of biomedically important some elements will be useful to confirm, understand, and interpret the observed differences between the measured and calculated results. Also in order to reach more definitive conclusions on measurements, we project to extend these measurements for various compounds and different primer energies.
